Correlations between the morphology and the electronic structure at the surface of 

thin film manganites, investigated with STM. 
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Thin- film colossal magnetoresistance manganites such as Lao.erCao.ssMnOs (LCMO) have now 
been intensely studied for more than a decade, but the issue of possible nanoscale electronic phase 
separation is not fully solved. Scanning Tunneling Microscopy / Spectroscopy (STS) has been 
pivotal in studying phase separation, but is hindered by being surface- rather than bulk-sensitive. 
For our sputtered LCMO films the data indicates a strong correlation between surface morphology 
and signatures of phase separation; rough films show phase separation while atomically fiat films 
are electronically homogeneous but have a more or less inactive surface layer. Regardless of surface 
morphology, the film bulk is electronically and magnetically active. Many of the reported conclusions 
about electronic inhomogeneities measured by STS have been confused by this issue. We study both 
strained and unstrained films and find no correlation between substrate- induced strain and either 
electronic phase separation or dead layers. 
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I. INTRODUCTION 

Hole-doped manganites, such as LacerCacssMnOa, 
have been widely studied, not only because they ex- 
hibit colossal magnetoresistance (CMR), but also be- 
cause of interest in the coupled metal-insulator (M-I) 
and ferromagnetic-paramagnetic transition they demon- 
strate. One unanswered question is how electronic phase 
separation (PS) occurs, that is its spatial structure as 
function of temperature and magnetic field, and how 
that connects to the CMR effect observed in transport 
measurements. Local-probe techniques, such as scan- 
ning tunneling microscopy (STM) and magnetic force mi- 
croscopy, would seem to be ideal tools to explore this, 
and a number of groups have studied thin-film man- 
ganites using these methods ^i^^i^i^i^i^ Some reports find 
PS on the scale of many nanometers up to microme- 
ters. Because of the electrostatic energy cost of do- 
mains on the order of micrometers, phase separation 
should be limited to nanometers, unless large disor- 
der is present, ''^^ suggesting that disorder must play a 
role in such large-scale PS. However, extensive investi- 
gations, both experimentally and theoretically, also in- 
dicate that manganite surface properties can differ from 
bulk piopeTties^^^^^^^^^^ This is of obvious 
relevance, since techniques such as scanning tunneling 
microscopy (STM) and spectroscopy (STS) are inher- 
ently surface-sensitive. Nevertheless, from STM and STS 
measurements of thin-film manganites, evidence of half- 
met allicity,^^ polarons,^'^^ and pseudo-gaps,^^ have all 
been claimed, while spatial electronic phase separation 
has been mapped as a function of both applied mag- 
netic field, and temperature.^ These surface measure- 
ments are purported to represent bulk properties, but 
we want to reconsider this issue, which has been fur- 
ther clouded because STM/STS measurements have been 
made on a variety of systems. It should be realized that 
spatial inhomogeneities can be significantly different for 
wide bandwidth systems such as Lai-a^Sr^^MnO or nar- 



row bandwidth systems such as Lai-a^Ca^^MnOs; or for 
differing strain states such as fully strained versus (par- 
tially) relaxed. We present an STM/STS study confined 
to thin-film Lao.erCao.asMnOs (LCMO), that is, at opti- 
mal doping and therefore far from the regime where the 
material might become intrinsically insulating. We vary 
thickness, strain, and surface morphology. Strained films 
are grown on SrTiOa and unstrained films are grown on 
NdGaOs. Film thicknesses range from 10 to 180 nm. We 
expect the thinner films, on the order of 10 to 25 nm, to 
be coherently strained and thicker films, of 100 nm and 
more, to be strain-relaxed. We found that film surface 
morphology varied with film thickness. Then we com- 
pare our surface-sensitive STM and STS measurements 
to bulk-sensitive measurements of these same films. 



II. EXPERIMENT 
A. Growth and Characterization 

Thin films of LCMO with thicknesses between 10 nm 
and 180 nm were grown on single crystal substrates of 
SrTiO3(001) and NdGaO3(001). All films were grown 
using dc sputtering from stoichiometric targets in 3 mbar 
of pure oxygen. Film thickness was determined by sput- 
tering time and verified with X-ray reflectivity measure- 
ments of selected fllms (see below for details). Various 
substrate temperatures were used during fllm growth, all 
between 780 °C and 840 °C. Some fllms were annealed in- 
situ^ immediately after sputtering. Others were annealed 
ex- situ in flowing pure oxygen at atmospheric pressure. 

Surface morphology was verifled with tapping-mode 
atomic force microscopy. 

Resistances versus temperature (R-T) transport mea- 
surements were made using four in-line probes attached 
to the fllm with either silver paste or indium or using 
structured bridges. For unstructured measurements, as 
the probes were of variable size and with variable dis- 
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tance, only resistance and not resistivity was obtained. 
Nevertheless, normalized R-T curves are sufficient to ob- 
serve the M-I transition and CMR and to characterize 
film quality. X-ray diffraction (XRD) measurements were 
made with a Siemens D5005 using a Cu Kai source. Film 
thicknesses were determined using low- angle XRD, while 
film quality was verified with Laue oscillation measure- 
ments. X-ray photoemission spectroscopy (XPS) mea- 
surements were made using a Mg anode (1253.6eV) and 
hemispherical analyzer in a UHV measurement chamber 
with base pressure on the order of 10~^^ mbar. Sam- 
ples were either baked overnight in a load-lock at ap- 
proximately 100° C to desorb surface contaminants, or 
brought into the measurement chamber rapidly to retain 
any contamination present on the sample surface. Some 
films were plasma etched using both O2 and Ar at a cal- 
ibrated etch rate of 1 nm/minute. This combination has 
been shown to etch STO without depleting its oxygen 
and rendering it metallic ^21 



B. STM 

STM measurements were made under various condi- 
tions, ultra high vacuum (UHV), flowing helium gas, and 
ambient. All of our STM heads were built in- house and 
use a course approach based upon the Pan design. Both 
mechanically cut Ptir (90%: 10%) and electrochemically 
etched Pt wires were used as STM tips. The UHV STM 
chamber has a base pressure of 4 x 10~^^ mbar, with the 
capability to vary the sample temperature between 300 
mK and 180K and the possibility to apply magnetic fields 
up to 8 T. Samples were brought into the UHV chamber 
after being pumped overnight in a load-lock. 

Other STM measurements were conducted in helium 
boil-off gas within a variable temperature insert (VTI) 
mounted through the bore of a 12 T magnet. Using 
resistance heating, the sample temperature can be var- 
ied between 4.2 and 340 K. Once inserted into the cryo- 
stat, samples were held between 300 K and 340 K while 
being flushed with dry helium gas to effect desorption 
of contaminants. To minimize the sample cryopumping 
while at low temperatures, samples were kept warmer 
than the surrounding VTI. Ambient STM measurements 
were made using the same STM as used for helium gas 
measurements, but without inserting the STM into the 
VTI. 

Conductivity maps were measured using a digital lock- 
in amplifier. While scanning topography, the STM bias 
voltage {Vuas) was modulated with an ac voltage (Kc) 
from an oscillator built into the lock-in amplifier. The 
ac modulation was limited in amplitude to a few percent 
of the bias voltage, and at a frequency higher than the 
feedback bandwidth (on the order of 1 kHz). Conductiv- 
ity was computed by the lock-in using output from the 
STM current-to- voltage amplifier. 

Current- volt age curves {I-V) were measured using a 
fixed tunneling gap method. This begins with the STM in 



tunneling at particular bias {Vset) and current {I set) set- 
points and with the feedback engaged. The STM feed- 
back is then disengaged, freezing the tip-sample distance 
while the bias voltage is swept through the desired volt- 
age range. Simultaneously, both the applied bias voltage 
and the measured tunneling current were recorded. Up to 
500 curves were taken and averaged for each I-V curve. 
Measured I-V curves were numerically differentiated af- 
ter averaging. Resulting d//dV spectra were used as a 
proxy for sample density of states (DOS). 



III. RESULTS 
A. Growth and Characterization 

With increasing film thickness, we observe that, for 
films grown on both NGO and STO, the surface changes 
from flat terraces with a unit-cell step height, ~0.4 nm, 
to a rougher morphology, 10 to 20 nm peak-to-peak, with 
no indication of terraces. We also observe that terraced 
films can be further divided into those with long narrow 
terraces and those exhibiting 2-D island growth. Typ- 
ical examples of terraced and 2-D island growth mor- 
phology are shown in Figure [TJ Both of these films are 
10 nm thick, were grown on STO substrates, and mea- 
sured with an STM in ambient conditions. Although for 
films grown on STO with thicknesses between 10 and 50 
nm both morphologies were found, the predominant mor- 
phology was terraced. Since growth conditions were nom- 
inally the same, we attribute the occasional appearance 
of island growth to the varying quality of the commer- 
cial substrates. However, other researchers have noted 
a change from terrace growth to 2-D island growth for 
LCMO grown on low miscut angle STO as films thickness 
is increased above 30 nm.^^ For our thicker films on STO, 
those about 100 nm and thicker, the surface morphology 
becomes rough. Terraced and 2-D island growth was also 
seen for films grown on NGO and are similar in appear- 
ance to the STO films shown in Figure [H However, for 
films grown on NGO, a correlation between film thickness 
and surface morphology is apparent. The thinnest films, 
around 10 nm thick, were almost exclusively terraced. 
Medium thickness films, around 25 nm thick, generally 
exhibited 2-D island growth. Thicker films, those thicker 
than 50 nm, were usually rough. 

Transport measurements were made on some of our 
films. Shown in Figure [2] are example R-T measurements 
for flat LCMO films grown on STO and NGO. From 
such curves we can extract the peak temperature (T^). 
These curves were normalized to the zero-field peak re- 
sistance. The peak temperatures are typical for strained 
films grown on STO {Tp ^ 145 K) and unstrained films 
grown on NGO {Tp ^ 260 K), though Tp does vary a 
little with film thickness. Also shown for the STO film 
is an R-T measurement in magnetic field that confirms 
this film to be magnetoresistive. Similar measurements 
were made of other films, both flat and rough. We can 



FIG. 1: (Color online) Ambient STM images of typical ter- 
raced, (a), and island, (b), topograpy for Lao.erCao.asMnOs 
grown on SrTiOs. Films are 10 nm thick. Both images exhibit 
unit- cell step heights. 
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FIG. 2: Resistance versus temperature curves normalized to 
the zero- field peak resistance. The solid curve is of a 10 nm 
Lao.erCao.ssMnOs film grown on SrTiOs, measured in the 
indicated magnetic field (Tp ^ 145K). The dashed curve is of 
a 26 nm Lao erCao ssMnOs film grown on NdGaOs {Tp ^ 260 
K). 




FIG. 3: (Color onhne) STM image of rough 100 nm thick 
Lao.erCao.ssMnOs film grown on Nb-doped SrTiOs substrate. 
All images are 500 nm^. Topography (20 nm peak-to-peak) 
is shown in frame (a). Conductivity maps with applied mag- 
netic fields of 0, 2, 4, 6, and 7 Tesla are shown in (b), (c), 
(d), (e), and (f) respectively. Darker areas are more metal- 
lic and lighter areas are more insulating. Measurements were 
in helium gas at 50K, Vset^-'^.O V, Iset=0.2 nA, and Vac=24 
mV. 



a poor quality film*^ 



conclude that the film bulk of both our flat and rough 
films have an M-I transition and are magnetoresistive. 

XPS measurements were made of a subset of films to 
confirm the presence of lanthanum, calcium, manganese, 
and oxygen and to verify the absence of other, contam- 
inating elements at the film surface. Except for carbon, 
no evidence of contamination was observed. Since carbon 
contamination is ubiquitous, and as sample cleaning was 
limited to moderate in-situ heating, the presence of car- 
bon is not unexpected, and does not necessarily indicate 



B. STM 



STM and STS measurements were taken of LCMO 
films with various thicknesses grown on STO and NGO 
substrates. Both flat films, those with terraced or 2- 
D island growth, and rough films, those with rounded 
morphology and no discernable unit-cell steps, were mea- 
sured. 
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FIG. 4: (Color online) STM image of a rough 50 nm thick 
Lao.erCao.asMnOs film grown on NdGaOs- (a) Topography 
and (b) conductivity map. Measurements were in helium gas 
at 280 K with zero magnetic field. yset=-0.5 V, /set=0.5 nA, 
and Vac=10 mV. 



1. Rough Morphology 

Thicker LCMO films grown on either STO or NGO 
were rough and show evidence of phase separation and 
an electronically and magnetically active surface layer. 
Figure [3] (a) displays topography for a 100 nm thick film 
grown on Nb-doped STO. The film surface is rough, with 
peak-to-peak height variations of 20 nm. Also seen in 
Figure [3] is a sequence of conductivity maps covering 
the same area as shown in Figure [3] (a), but for differ- 
ent applied magnetic fields. As the applied field is in- 
creased, the metallic (dark) area increases and the insu- 
lating (light) area decreases. Note that some insulating 
regions do increase in size at higher fields. Nevertheless, 
the predominant trend is an overall increase in metallic 
regions. There is some correlation between surface mor- 
phology and conductivity, though not as significantly as 
seen in other films (see below). Although these conduc- 
tivity maps were measured at 50 K, well below the M- 
I transition temperature, electronic inhomogeneities are 
still present, even with a 7 Tesla applied magnetic field. 
Similar results were obtained by Fath et al^^ on a sim- 
ilarly rough LCMO film, although their film was grown 
with a YBa2Cu307 layer between the LCMO film and 
the STO substrate. 

Rough films grown on NGO were also inhomogeneous. 
This is confirmed by both conductivity maps and dl /dV 
spectra. An example of topography and conductivity 
map of a rough LCMO film on NGO is shown in Fig- 
ure m This film is 50 nm thick, with rough topography 
(10 nm peak-to-peak), and, as with rough samples on 
STO, with an inhomogeneous conductivity map (darker 
regions are more metallic, lighter regions are more in- 
sulating). Note that there is significant correlation be- 
tween the conductivity map and topography. This is not 
because of feedback-error since the forward and reverse 
scans of the conductivity map are very similar, but rather 
refiect properties of the surface. This particular measure- 
ment was made at 280 K, just above T^, where phase sep- 
aration would be expected. However, other conductivity 
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FIG. 5: Numerically differentiated I-V curves of a rough 50 
nm thick Lao.erCao.ssMnOa film grown on NdGaOs, mea- 
sured at 299 K on different locations on the film. Vset=-1-0V, 
Iset=0.5nA, ±1V. Same film as shown in Figure 2] 



maps of this film recorded above and below Tp are simi- 
larly inhomogeneous. Unfortunately, due to the difficulty 
of calibrating conductivity maps measured with a lock- 
in amplifier, only qualitative information can be gleaned 
from such measurements. To provide quantitative in- 
formation, dl /dV spectra were also taken of this film. 
Spectra taken at different locations indicate the presence 
of both metallic and insulating regions, confirming the 
electronic inhomogeneity seen in conductivity maps. Ex- 
amples of dl/dV spectra are shown in Figure [5l Both 
curves were measured on the same film as shown in Fig- 
ure [4] but at 299 K, significantly above Tp. The zero 
bias conductivity at this temperature varies by an order 
of magnitude, from 6.5 x 10~^^ to 6.1 x 10~^^ Siemens. 
These curves demonstrate that even well above Tp, rough 
films are inhomogeneous. Other d//dV spectra measured 
in and well below the M-I transition indicate electronic 
inhomogeneity. Measurements of other rough films con- 
firm these results. 



2. Smooth Morphology 

Thinner films grown on either NGO or STO were atom- 
ically smooth and electronically homogeneous with elec- 
tronically and magnetically inactive surface layers. A 
typical example of topography and conductivity for a 10 
nm thick terraced STO film is shown in Figure [6l This 
measurement was made in zero magnetic field at 150 K, 
close to the film's Tp. For a first-order phase transition. 
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FIG. 6: (Color online) STM measurements of atomically 
smooth 10 nm thick Lao.erCao.ssMnOs grown on SrTiOs- (a) 
Topography and (b) conductivity map, measured in helium 
gas at 150K with zero magnetic field. The height between 
terraces matches unit-cell size. 

we expect to see inhomogeneities at temperatures close 
to Tp. However, we saw no evidence of phase separation 
at this temperature or at any other. What detail there is 
in this conductivity map is at terrace edges and defects. 
We attribute this to feedback error, the increased or de- 
creased conductivity resulting from the tip coming closer 
to or going further away from the surface. Varying the 
STM bias voltage, current set point, or ac- modulation 
voltage did not change this result. Conductivity maps 
taken at temperatures above and below the M-I transi- 
tion were similarly featureless. Conductivity maps were 
also made of other flat LCMO films on STO. All were sim- 
ilarly homogeneous, regardless of the temperature. Sim- 
ilar results were seen for smooth films grown on NGO. 

dl/dV spectra were taken of flat films grown on STO 
and NGO. These spectra show small variations with tem- 
perature, but no consistent trend in zero-bias conductiv- 
ity. They also indicate that our flat films were spatially 
homogeneous. An example of d//dV spectra measured 
on a terraced STO film is shown in the left-hand col- 
umn of Figure [71 For this film, 52 nm thick LCMO on 
STO, Tp ^155 K. Shown in the figure are spectra from 
above, below, and at Tp. At each temperature are plotted 
the spectra calculated from two (or three) I-V measure- 
ments at bias set-points 0.25 (green), 0.5 (red), and 1.0 
V (black), but all with /get =0.5 nA. In these I-V mea- 
surements, the bias was swept from the Vset to —Vset- 
The spectra measured at Vset = 0.25V and Vset = 0.5V 
were linearly scaled by a procedure explained in the Ap- 
pendix. The need to measure at different set-points is 
made clear by looking at the data for Vset = l.OV. Be- 
tween ±0.3 V, the spectra are very noisy because between 
these voltages the resulting current is below the system 
noise floor. Reducing Vset while maintaining I set fixed in- 
creases the set-point conductance linearly, but, because 
of the non-linear nature of the tunneling gap, the con- 
ductance at low voltages has increased much more. This 
point is expanded upon in the Appendix. Because of this 
increase in conductance, and as can be seen at all three 
temperatures, more of the narrow spectra are above the 
noise floor. From this it must be concluded that there 



1E-9 



1E-9 



; X 130K 




5 






4 






3 


M 

III' 


\ 


2 


= 1 1 1 1 1 1 1 1 1 1' 1 1 1 1 1 1 1 1 1 ; 


V 


1 


155K 


1 1 1 1 1 1 1 1 1 


5 




\ / ^ 


4 


n \ / ^ 


V / 


3 










\v 


2 


- 1 1 1 1 1 1 1 f 1 1 1 1 1 1 r 


V 

1 1 1 1 [ 1 1 1 1 


1 






5 






4 






3 










2 






1 



-0.8 -0.4 0.0 0.4 0.8 -0.4 -0.2 0.0 0.2 0.4 
Bias [volts] 



FIG. 7: (Color) Numerically differentiated I-V curves of a 
smooth 52 nm thick Lao.erCao.ssMnOs film grown on SrTiOs. 
Left-hand column d//dV with Vset^l.O V, ±1.0 V (black); 
Vset=0.5 V, ±0.5 V (red); and Vset=0.25 V, ±0.25 V (green). 
Right-hand column normalized d//dV Vset =0.5 V, ±0.5 V. 
All at /set =0.5 nA. Measured in UHV at indicated tempera- 
ture with zero magnetic field. 



is not a gap, but only a depletion of the DOS at zero 
bias. At other temperatures, varying between 170 K and 
80 K, d//dV spectra of this film also show no significant 
variation. Other smooth LCMO films grown on STO and 
NGO were measured and also demonstrate no consistent 
variation in d//dV spectra with temperature. 

Shown in the right-hand column of Figure [71 are the 
d//dV spectra from the left-hand column at Vset=0-5 V 
, but normalized by dividing by //V. Normalizing in this 
way attempts to extract the DOS from the d//dV spec- 
tra, by canceling the effect of the tunneling gap.^^ With 
this normalization procedure, earlier studies claimed to 
observe both polaron peaks^^^^ and half-metallicity^^^ in 
manganite films. We measured d//dV spectra from 
many fiat films grown on both STO and NGO and nor- 
malized these spectra with this method. Some of our 
data did suggest polaron peaks, but these polaron peaks 
do not appear on all films measured, even if grown under 
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3. Annealing and Etching 
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FIG. 8: Numerically differentiated I-V curves of a smooth 26 
nm thick Lao.erCao.ssMnOs film grown on NdGaOs. Mea- 
sured in helium gas at 265K with and 5 Tesla applied mag- 
netic field. V,et=-0.7V, I^et^l.OnA, ±1V. 



identical process conditions. When polaron peaks were 
evident, the peak-to-peak gap varied little with temper- 
ature, and no trend, such as seen in Ref.^ was apparent. 
We applied this normalization procedure to dl /dV spec- 
tra taken at larger voltage setpoints {Vset > 1.0 volt), but 
found that, in the range of bias voltages where we would 
expect to see polaron peaks, the signal-to-noise ratio was 
too low. 

We also measured atomically smooth films in an ap- 
plied magnetic field. Shown in Figure [8] are d//dV spec- 
tra measured on a smooth 26 nm thick film grown on 
NGO in zero field and in a 5 Tesla field. This data was 
taken at T=265 K, close to the M-I transition of this film 
(Tp=260 K). These spectra are very similar to each other 
and to other spectra taken on other parts of the film, and 
also to spectra taken at other temperatures. Any differ- 
ences are attributable to experimental error and show 
no correlation with either temperature or magnetic field. 
As we expect a large negative magnetoresistance in the 
vicinity of the M-I transition, this result suggests that 
the film surface is magnetically inactive. Transport mea- 
surements (shown in Figure [2|) verify that the bulk of this 
film does go through a M-I transition. Again, this sug- 
gests the film surface is inactive. Other smooth films on 
NGO and STO were similarly unresponsive to magnetic 
fields. 



We attempted to remove the electronically inactive 
layer observed on flat films using a plasma etcher. Sim- 
ilarly to Hudson et al^^^ we found that once etched, the 
film surface became electronically active, but that the re- 
sults were inconsistent from sample to sample. Etching 1 
or 2 nm did modify the dl /dV spectra, but did not result 
in the appearance of metallic spectra (meaning a signif- 
icant increase in zero-bias conductivity). After etching 
about 3 nm, we were able to measured some metallic 
dl /dV spectra. On these films we typically measured a 
number of metallic dl /dV spectra at temperatures some- 
what below Tp. The typical temperature window for this 
metallic phase was between 5 and 15 K wide. However, 
upon cooling to lower temperatures, the metallic phase 
was no longer evident, and instead of staying metallic, 
the d//dV spectra became insulating and similar to those 
seen above the transition. Atomic force microscopy im- 
ages of etched films show that etching initially followed 
the existing topography, leaving terraces with an appear- 
ance similar to as-grown. Further etching (3 nm or more) 
rounded off terrace edges, roughening the film, and giv- 
ing it the appearance of an as-grown rough film. Etching 
did not produce spectra consistent with the M-I transi- 
tion seen in transport measurements of these films, and it 
is unlikely that our STS data are representative of film- 
bulk behavior. The results also indicate that etching does 
something else than simply removing an inactive surface 
layer from the active bulk material. 



One possible explanation for the inactive surface layer 
is oxygen depletion. We attempted to reoxidize films 
by annealing them in an oxygen-rich atmosphere. One 
sample was annealed in- situ in 1000 mbar of oxygen at 
650° C for 30 minutes. This sample proved to be elec- 
tronically inactive. We also tried to eliminate possible 
causes of oxygen depletion. Although our films were typ- 
ically grown in 3 mbar of oxygen, our usual process recipe 
called for evacuating the process chamber immediately 
after sputtering was complete. Thus while cooling, the 
film would be exposed a vacuum on the order of 1 x 10~^ 
mbar. Beyreuther et al found below-stoichiometry oxy- 
gen in manganite films exposed to UHV at elevated tem- 
peratures (470-670°C)^ and so we attempted to mini- 
mize film deoxidization by maintaining 3 mbar of oxygen 
during cooling. The resulting film was still electronically 
inactive. Following their recipe for film reoxidization, 
we annealed a sample at 470° C in flowing oxygen for 3 
hours. The resulting film was electronically active, but 
inhomogeneous. Ambient STM topography and conduc- 
tivity map shown in Figure [9l The film was roughened 
by the annealing. In contrast, before annealing, the film 
exhibited 2-D island growth with a homogeneous conduc- 
tivity map. 
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FIG. 9: (Color online) STM image of an annealed 26 nm thick 
Lao.erCao.ssMnOs film grown on NdGaOa after annealing at 
470° C for 3 hours in flowing oxygen, (a) Topography and (b) 
conductivity map. Measured in ambient. 



IV. DISCUSSION 

We were able measure electronically active surface lay- 
ers on rough films. Other researchers have found similar 
results using STM/STS on rough films. The surface of 
our flat, smooth films are electronically and magnetically 
inactive. However, using methods other than STM/STS, 
researchers have also observed inactive surface layers on 
manganites, and a number of explanations for the origin 
of this layer have been put forth. Measurements have 
detected both oxygen depletion and dopant enrichment 
at the surface, both of which would change its electronic 
structure. Others have proposed surface electronic re- 
construction driven by symmetry breaking at the crystal 
surface. We now discuss these various points in some 
detail. 



A. Other STM Results 

1. Rough Films 

In agreement with our data, other researchers have 
measured inhomogeneities on rough films. Becker et al 
measured an LCMO film grown on MgO and found it 
to be electronically inhomogeneous*^ Their film was 200 
nm thick, with a rough, grain-like surface morphology. 
Fath et al detected inhomogeneities on a rough (maxi- 
mum 20nm peak-to-peak roughness) LCMO film on STO, 
and measured an increase in metallicity with increased 
magnetic field, as would be expected of a CMR material.^ 
Chen et al also detected electronic inhomogeneities on an 
LCMO film grown on STO.^ Their film was 300 nm thick 
with peak-to-peak height variation of 7 nm over 50 nm 
lateral distance, with no evidence of terraces or unit-cell 
steps. 



2. Atomically Flat Films 

Although a number of researchers reported electron- 
ically active surface layers on fiat LCMO films using 
STM/STS, taken collectively, no clear picture emerges. 
Seiro et al published STS measurements of an LCMO 
film on STO.^ STM topography indicated a terraced sur- 
face, and STS measurements showed the film to be spa- 
tially electronically homogeneous. They observe conduc- 
tance peaks in their normalized d//dV spectra, and claim 
these peaks to be the signature of polarons, with half the 
peak-to-peak distance representing the polaron binding 
energy. They found this binding energy varied with tem- 
perature, but narrowed in the region of Tp, exactly where 
their transport measurements show the film to have its 
highest resistivity. Other groups also measured fiat, but 
electronically active films. Both Biswas et aP^ and Mi- 
tra et aP^ measured atomically fiat LCMO films and 
observe that, in the vicinity of Tp, a gap in the dl/dV 
spectra opens, corresponding to the peak resistivity of 
transport measurements. Conductivity maps measured 
by Mitra et al show their film to be electronically ho- 
mogeneous, and they attribute this to their film being 
grown on NGO and therefore being unstrained. How- 
ever, Biswas et al measured strained LCMO grown on 
LAO and make no mention of electronic inhomogenities. 
Both Seiro et alA and Mitra et a/^^^^^ appear to present 
data taken from only one sample. We found inconsisten- 
cies between our films grown under nominally identical 
process conditions, and found our conclusions to be more 
robust when drawn from a number of samples. Further- 
more, both groups present example I-V curves that ap- 
pear to be measured at different voltage set points. Con- 
sidering the difficulty of separating sample DOS from the 
tunneling barrier, ^^^^^ we would not want to draw con- 
clusions from such a procedure and prefer to compare 
data taken at a single set-point, eliminating one source 
of uncertainty. 

Other than our results presented here, only one other 
group has presented STM/STS data showing conductiv- 
ity maps of both fiat and rough films. Moshnyaga et al 
measured LCMO films on MgO at 115 K, significantly be- 
low the film M-I transition temperature.^^ They found 
their fiat film to be electronically homogeneous, while 
their rough film was inhomogeneous. Magnetization mea- 
surements indicate the flat film's saturation magneti- 
zation was slightly lower than that of the rough film. 
For a fairly thick film (80 nm), a slightly reduced sat- 
uration magnetization would be consistent with a thin, 
magnetically-dead surface layer. Unfortunately, these re- 
searchers only measured conductivity maps at one tem- 
perature and without an applied magnetic field. 



B. Causes of the Inactive Layer 

Because the STM tunneling current decreases expo- 
nentially with tunneling distance^ only the topmost 
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conducting unit cell of the manganite will directly con- 
tribute to the dl/dV spectra. If the surface unit cell is 
electronically representative of the film bulk electronic 
structure, then the dl/dV spectra will be a measure of 
film bulk properties. However, if the surface unit-cell 
is not electronically representative of the film bulk but 
still conducting, then the d//dV spectra will only repre- 
sent surface layer properties. The film surface may differ 
electronically form the film bulk because it is chemically 
different : depleted or enriched in oxygen or dopants, or 
because the film crystal structure is necessarily truncated 
by the film surface. 



1. Dopant Enrichment and Depletion 

Some studies have found evidence that LCMO films are 
not chemically homogeneous. Simon et al measured the 
chemical profile of a LCMO/STO/LCMO trilayer grown 
on an STO substrateJ^ Using energy-loss spectroscopic 
profiling, they detected enhanced Ca doping at the sur- 
face of the first LCMO layer. They attributed this to a 
La-rich layer that forms adjacent to the STO substrate 
as film growth initiates. As there is lattice mismatch be- 
tween LCMO and STO, at the film-substrate interface 
the film will be under tensile strain, favoring substitu- 
tion of La^+, the slightly larger ion (1.36A), for Ca3+, 
the slightly smaller ion (1.34 A). Because a fixed ratio of 
LCMO precursors is sputtered onto the substrate, a Ca- 
rich layer must form on top of the La-rich layer. Once 
formed, the Ca-rich layer floats on the surface while the 
film grows beneath it. However, this explanation may 
not hold; Choi et al^^ measured a Ca-enriched surface 
layer on an LCMO film on LAO (where no tensile strain 
occurs) using angle-resolved XPS. They found a best- 
fit model of their data to be a single Ca-enriched layer 
at the film surface (60% Ca doping), significantly above 
the nominal 35% film doping. They hypothesize that 
this enriched layer was caused by a large heat of segrega- 
tion driving Ca towards the surface. Estrade et al mea- 
sured the chemical composition of LCMO films grown on 
both (001) and (110) oriented STO substrates with elec- 
tron energy-loss spectroscopy.^^They found differences 
between the surface and bulk concentrations only for the 
(001) orientation, although both orientations yield the 
same strain. Important for our purpose is that the seg- 
regation they found is only small. Although we have not 
studied our film's surface chemistry, we find the same 
inactive layer on both strained flat films on STO and 
unstrained flat films on NGO, suggesting that, if there 
is any chemical stratification, substrate-induced strain is 
not the cause. 



2. Oxygen Depletion 

Oxygen depletion can also shift the Mn valence. In 
some studies the surface Mn valence was measured di- 



rectly and conclusions were drawn on surface oxygen 
depletion. Using XPS, Beyreuther et al measured ex- 
change splitting of the Mn 3s core-level peak in LCMO 
on STO.^^ From this data they could infer the Mn va- 
lence in the top 3 nm of the film. For as-grown films, the 
Mn valence was +3.3, the expected bulk film value, but 
for films subsequently exposed to UHV at elevated tem- 
peratures, the Mn valence shifted towards +2. However, 
they found that the surface Mn valence could be restored 
to bulk value by reoxidizing the film in oxygen at elevated 
temperatures (470° C). From this they conclude that the 
shifts in Mn valence were driven by oxygen depletion and 
enrichment. Other research has demonstrated that ex- 
posure to only moderate temperatures (80° C) in air is 
required to reoxidize LCMO films, and this suggests 
that an oxygen-poor atmosphere — such as helium gas — 
at similar temperatures could lead to oxygen depletion. 
However, many of our flat and rough films were measured 
in ambient before exposure to an oxygen-poor environ- 
ment, and we could detect no difference between these 
measurements and subsequent measurements made in he- 
lium gas or UHV. Because we do not measure our films 
in-situ^ it is possible that exposure to ambient conditions 
could degrade the surface in some way. This possibility 
has been investigated by other researchers. Valencia et al 
measured LCMO films grown on LAO using x-ray absorp- 
tion spectroscopy (XAS).^^ For as-grown films, they mea- 
sured spectra congruent with the expected Mn^+/Mn^+ 
ratio, but once the film had been exposed to air, they also 
detected the signature of Mn^+ ions. They propose the 
CO present in air as a reducing agent that attacks the un- 
stable Mn^+ and Mn^+ ions. However, as they note, on 
films exposed to air for less than 2 days, they could not 
detect Mn^+ ions. Some of our films were measured after 
less than an hour of exposure to air, and we saw no dif- 
ference between these films and those exposed to air for 
significantly longer. If the surface of our as-grown films is 
oxygen depleted, then this oxygen depletion seems likely 
to occur during growth or while cooling from the film- 
growth temperature. 



3. Symmetry Breaking 

Theoretical modeling of doped manganites has indi- 
cated non bulk-like properties at the surface. Calcula- 
tions by Calderon et al for the Mn02-terminated sur- 
face of Lai-a^Aa^MnOa with x < 0.5, suggest that trun- 
cation of the crystal by the surface leads to charge 
transfer from the bulk to the surface Mn layer.— This 
charge transfer will create a Mn^+ ion-only layer, sup- 
pressing the double exchange interaction, and leading 
to an anti-ferromagnetic (AFM) coupling within this 
layer. These calculations also demonstrate that trans- 
port perpendicular to the surface layer is significantly re- 
duced for an AFM-coupled surface when compared to a 
ferromagnetically-coupled surface. Filippetti et al con- 
sidered ferromagnetic (FM) versus AFM coupling be- 
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tween the surface and immediate subsurface layer of 
Mn02-terminated Laia^Caa^MnOa.^^^^^ They found the 
lowest energy configuration to be FM coupling, regard- 
less of the underlying magnetic order. However, all of 
the theoretical modeling of manganite surfaces to date 
has considered only planar, singly-terminated surfaces. 
Our flat samples are planar and, if singly terminated, 
most likely terminated by an Mn02 layer. ^^^^^ For a flat 
film terminated with such an Mn02 layer, the model- 
ing by Calderon et al^ would explain why our flat films 
are inactive. These results are less relevant for rough 
LCMO films which are certainly not planar, and likely 
not singly-terminated. 



4- Further Remarks 



films, one flat and one rough, and found that whereas 
the flat film was both electronically homogeneous and 
A-site ordered, the rough film was neither electronically 
homogeneous, nor A-site ordered. A-site disorder could 
provide a mechanism to disrupt the poorly conducting 
and apparently magnetically inactive AFM surface layer 
proposed by Calderon et al.^^ However, the rough mor- 
phology could itself explain the active surface of rough 
films. Our rough samples, even if epitaxial, would most 
likely not be singly terminated, and would also have 
greater crystal symmetry breaking because of the non- 
planar character of the surface. Perhaps a combination 
of greater symmetry breaking and a multiply-terminated 
surface explains why rough films are active. Flat films 
could be inactive because the surface layer is locked into 
AFM coupling, regardless of applied field or temperature. 



The effect of oxygen depletion or dopant enrichment 
of the surface layer would change its properties. Oxygen 
depletion has been shown to reduce the number of Mn^+ 
ions in bulk crystal, Ca-doped manganites,^^ and thus, 
if the surface were oxygen-depleted, the surface layer 
would have the properties of a manganite with lower hole 
doping, possibly with a ferromagnetic-insulating ground 
state. Similarly, surface enrichment to 60% Ca doping 
(as found by Choi et al^) would render the film sur- 
face layer ground state an antiferromagnetic insulator. 
Whether the surface layer is a ferromagnetic insulator 
or an antiferromagnetic insulator below the transition, 
measured d//dV spectra at temperatures above and be- 
low the transition would probably only differ slightly — 
both having the characteristic of insulators, with a gap 
or pseudo-gap at zero bias. Distinguishing between a 
transition of this nature and a completely inactive sur- 
face layer with STS could be difficult. For our as-grown 
flat films, either an oxygen-depleted or dopant-enriched 
surface could produce the inactive behavior, apparent or 
real, we observed with STS on atomically flat films. How- 
ever, we have grown rough films under identical process 
conditions to flat films (changing only the growth time), 
and found the rough films to be active. We would expect 
similar oxygen depletion or dopant enrichment to occur 
in both rough and fiat films (or even larger in the rough 
films), and, as such, neither can explain the behavior of 
both active and inactive films. 

As our rough, thicker films are grown under nom- 
inally identical process conditions to our flat, thinner 
films, it seems that the change of growth mode under- 
lying the rough morphology or the rough morphology it- 
self must explain the electronic inhomogeneities seen on 
rough films. If a change in the growth mode were to intro- 
duce chemical inhomogeneities into the film, then thick 
films would consist of two layers: a chemically homoge- 
neous layer adjacent to the substrate, with a chemically 
inhomogeneous layer extending from that layer to the 
film surface. The chemically homogeneous layer could be 
A-site ordered, with the inhomogeneous layer being A- 
site disordered. Moshnyaga et al compared two LCMO 



C. Attempts to Eliminate the Inactive Layer 

Our attempts to eliminate the inactive surface layer 
either by annealing or etching failed to recover the ex- 
pected bulk film behavior. Oxygen annealing resulted 
in modifying the surface topography, rendering a direct 
comparison to our as-grown films suspect. Further, ex- 
posing samples to elevated temperatures is likely to have 
resulted in film relaxation, and introduced defects, espe- 
cially for strained films on STO. Thus even the film bulk 
would no longer be as-grown. Plasma etching necessarily 
modified the surface topography, and possibly changed 
the surface chemistry by preferential sputtering. Our 
data from etched films, with metallic I-V curves mea- 
sured in a narrow temperature window just below Tp, do 
agree with R-T measurements made on oxygen-depleted 
LCMO films by Dorr et al.^^ On their most oxygen- 
depleted film, the R-T curve reaches a peak at the ferro- 
magnetic ordering temperature before decreasing as the 
temperature is reduced — as expected for a paramagnetic- 
insulator to ferromagnetic-metal transition. But as the 
temperature is reduced further, the film resistance again 
increases, becoming semiconductor-like, with thermally 
activated behavior. They argue that oxygen depletion 
reduces the proportion of Mn^+ ions, reducing the effec- 
tive doping. As they note, at this doping level, theoret- 
ical modeling by Yunoki et al^^ predicted phase separa- 
tion of FM and AFM phases at low temperatures, with 
conduction depending upon percolation between FM re- 
gions. For our etched samples, if the etching had pref- 
erentially removed calcium or oxygen from the surface, 
the effective hole-doping would also be reduced. Thus 
the surface — as measured by STS — could follow a sim- 
ilar pattern. At high temperatures the film would be 
paramagnetic and semiconductor-like. As the temper- 
ature is lowered, a transition to a metallic FM phase 
would take place. Upon further temperature reduction, 
the film would enter a phase-separated FM-AFM phase. 
This could explain the temperature window of metallic 
I-V curves measured on our etched films. 
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V. CONCLUSION 

We have used dl/dV spectra calculated from STS I-V 
measurements as a proxy for the sample DOS. With this 
method, we measured strained and unstrained LCMO 
films, and LCMO films with both fiat and rough mor- 
phology. We detected inactive surface layers on all of 
our flat films. Transport measurements confirm that, al- 
though the surface layer of these films are inactive, the 
film bulk is active — having a M-I transition and be- 
ing magnetoresistive. On thicker films, whether grown 
on STO or NGO, the surface morphology roughens dur- 
ing growth, and is subsequently electronically inhomoge- 
neous. We find that the surface of these as-grown rough 
films responds to an externally applied magnetic field by 
becoming more metallic, as would be expected if perco- 
lation of metallic regions were to underlie CMR. On flat 
samples, we attempted to remove the inactive layer using 
ion etching. However, the post-etch dl/dV spectra were 
not as expected and became more insulator-like at low 
temperatures. Transport measurements indicate that for 
a stochiometric film the resistance should decrease at low 
temperatures. Etching is likely to have changed the sto- 
chiometry by preferentially etching one or more of the 
film's chemical species. We oxygen- annealed other flat 
films to rule out oxygen deficiency as causing of the inac- 
tive layer. Unfortunately, annealing roughened the sur- 
face, rendering a direct comparison with pre-annealing 
flat samples questionable. STS and conductivity maps of 
these roughened films showed them to be electronically 
inhomogeneous. Strain does not seem to play a direct 
role in the formation of the inactive surface layer as re- 
sults from LCMO films grown on NGO and STO were 
very similar. 

Summarizing our quite large set of data, we do find 
that surface morphology is critical to our results. Rough 
films, whether as-grown or roughened by annealing, were 
active and electronically inhomogeneous, basically con- 
firming a number of earlier results. Flat films were inac- 
tive and homogeneous. Taking data from different sam- 
ples together, we did not find conclusive evidence for the 
presence of polaron peaks, nor for a formation of a pseu- 
dogap in the M-I transition. Instead, we come to the 
conclusion that the surface layer of flat films is insulat- 
ing, not from chemical causes, but due to the symmetry 
breaking at the surface. In line with this we put forward 
that the film roughness itself, regardless of its origin, re- 
moves this homogeneous symmetry breaking and creates 
a multiply-terminated surface that is not locked into an 
inert magnetic order. 
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APPENDIX 

Consider tunneling between two metals electrodes sep- 
arated by a vacuum gap. Ignoring any image potential, 
and assuming a flat DOS in the vicinity of the Fermi En- 
ergy, Ej, for both materials, a number of researchers^^^^ 
have shown that the tunneling current is given by 



-B(4+^) 



, (A.1) 



where 4> is the average of the two electrode's work func- 
tions, Vbias is the bias voltage applied between the elec- 
trodes, s is the distance between the electrodes, A is elec- 
trode area, and B = 2s{2m/h'^)^^'^ . Applying the same 
assumptions as used in Equation I A. H tunneling conduc- 
tance can be written as 



(A.2) 



This model can also be used to approximate STS, though 
the value of A is difficult to measure or calculate for an 
STM tip. However, if s does not change significantly 
for different bias and current set-points, normalizing will 
eliminate the need to know A specifically. 

Using Equation lA.ll and using the average of the work 
function of LCMO (- 4.8eU) and Pt (- S.SeU),'^^ the 
current for I-V curves can be calculated. This is shown 
in Figure \T0\ panel (A). Three curves show Iset = 1.0 
at Vset = 1-0, 0.5, and 0.25 volts, and one curve shows 
show Iset = 2.0 at Vset = 1-0 volts (curves 1,2,3, and 4 
respectively). Curves 1,2, and 4 were generated by solv- 
ing numerically for the value of tunneling gap distance 
that generated the desired tunneling current. Those val- 
ues were 4.81, 4.87, and 4.97 nm respectively. All curves 
are normalized to the tunneling current at Vbias = 1-0 
volt and 5 = 5.0 nm. 

Although Equation lA.ll is non-linear, calculated I-V 
curves can be approximately scaled to each other. Curves 
1, 2, and 4 were scaled so as to match their tunneling 
current at Vset to the tunneling current of curve 3 at the 
same voltage. Shown in panel (B) of Figure [TOl is the per- 
centage error for the three scaled curves when compared 
to curve 3. For bias values less than their own U^et, the 
maximum error is 5.2% at Vbias = 0.0 for curve 2. Cal- 
culations were also performed at higher Iset (or equiva- 
lently, smaller 5), and the maximum error was found to 
be reduced. 

To understand the value of scaling low Vset I-V curves, 
consider the tunneling conductance at low bias values. 
The tunneling conductance at Vbias = 0.0 is just the 
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TABLE I: Normalized conductance for I-V curves shown in 
[TOl panel (A). 
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FIG. 10: (Color online) (A) Calculated I-V curves. Let^l-O 
at Vset^l.O (1), 0.5 (2), and 0.25V (3); and /.et=2.0 at 
Vset^LOV (4). Normalized to tunneling current at l.OV, and 
5nm. (B) Percentage error of scaled calculated I-V curves. 
(C) Measured I-V curves. Same data as Fig. Hat T=155K. 
/,et=0.5nA. Vset^l.OY, zbl.OV (black); V;et=0.5V, ±0.5V 
(red); and Ket=0.25V, ±0.25V (green). (D) Data from (c) 
with enlarged scale. 
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slope of the I-V curve at that bias. Evident from the I-V 
curves plotted in panel (A) of Figure [TOl the tunneling 
conductance for low Vset curves is much higher. Tunnel- 
ing conductance can be calculated using Equation IA.2[ 
and the result of such calculations are shown in table [H 
Both conductance at Vset and V^ias =0.0 are shown. All 
data are normalized to the corresponding conductance of 
curve 3. Note that curve 4, where I set is double that 
of curve 3, the zero-bias conductance is also only double 
that of curve 3. In contrast, whereas I set is identical for 
curves 1, 2, and 3, the zero-bias conductance of curve 1 
and 2 are, respectively, 86.5 and 19.9 times larger. This 
difference could be critical for materials with a depleted 
DOS around E/. 

To measure the DOS across a broad energy range, ei- 
ther Vset must be increased, or the bias must be swept 
over a larger voltage range. As has been demonstrated, 
increasing Vset will reduce the low-bias conductance, to 
perhaps below the STM noise level. The alternative, 
increasing the sweep range, also faces problems. Most 
cur rent- volt age amplifiers have limited dynamic range, 
and increasing the sweep range could result in saturat- 
ing the amplifier. To illustrate this, consider setting 
Vset = 0.25 volts, but sweeping Vbias = ±1.0 volt. Us- 
ing Equation lA.ll and the tunneling gap used for curve 
1, we find the conductivity at V^ias = 1-0 to be approx- 
imately 70 times larger than at Vset = 0.25. Other so- 
lutions include variable-gap STS or fixed-gap STS with 
a non-linear current- voltage amplifier. Variable-gap STS 
requires very accurate calibration of the STM tip actua- 
tor (usually a piezo tube) due to the exponential depen- 
dence of tunneling current on tip-sample distance. 

In the above numerical examples, a flat DOS was as- 
sumed. Nevertheless, though we do not expect our sam- 
ples to have a flat DOS, particularly at E/, we were 
able to successfully scale our data using this method. 
Panel (C) of Figure [10] shows unprocessed I-V curves 
for the 155K data shown in Figure H These unpro- 
cessed I-V curves were scaled as described above, and 
then numerically differentiated. No further adjustment 
was made after differentiation. As can be seen in Fig- 
ure [7J the adjusted curves align well with each other, 
demonstrating the effectiveness of this method, even for 
samples with a depleted DOS at zero bias. Note that 
the Vbias = ±1.0 d//dV spectra in Figure [71 is very noisy 
between V^ias = ±0.3 whereas both the V^ias = ±0.25 
and ±0.5 d//dV spectra are much less noisy over much 
of this range. Panel (D) of Figure [10] shows data from 
panel (C) with an enlarged scale to illustrate the greatly 
increased zero-bias conductance for smaller Vset I-V mea- 
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surements. The differences between these three curves rier caused by changing Vset- 
are almost entirely due to changes in the tunneling bar- 
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